NACA RM No. E J25¢

_ '
el - - R ' RM No. E8J25¢c

RESEARCH MEMORANDUM

INLET ICING AND EFFECTIVENESS OF HOT-GAS BLEEDBACK FOR
ICE PROTECTION OF TURBOJET ENGINE
By William A. Fleming and Martin J. Saari

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

CLASSIFICATION CANCELLED

Authorlty . _ &= -Hz-__.Qisuu.Qu_T_Date___!_l/J_l/_/ =3
E_"o ftosoll ‘

By 9 SUSYE . _sahEee
KF 5050 -

o ————— T o

NATIONAL ADVISORY COMMITTEE

FOR AERONAUTICS

WASHINGTON - T T
November 26, 1948




W Mﬂ -

. __1 _7_@0_1_@5 NG |
NACA RM No. E8J25c m_ LASSIFiEr

NATIONAL ADVISORY COMMITTEE FOR ABRONAUTICS
RESEARCH MEMORANTRM
INLET ICING AND EFFECTIVENESS OF HOT-GAS BLEEDBACK FOR
ICE FROTECTION OF TURBOJET ENGINE
By WlliamA. Fleming and Martin J. Saari

SUMMARY

An investigation of icing and ice protection &t the inlet of
a turbojet engine has been conducted in the NACA Cl eveland altitude
wi nd tunnel. A nmethod of ice protection wes studled whereby hot gas
was bled fromthe turbine inlet and injected into the air stream
ahead of the compressor Inlet. |cing conditions were simulated by
spraying water i nt 0 the air stream ahead of the engine nacel |l e.
The investigation was conducted at simulated altitudes of 5000 and
20,000 feet with anbient-air temperatures fromCo to 35° F.

Formation of ice at the compressor inlet reduced the net thrust,

I ncreased the specific fuel consunption based on net thrust, and
within a short period of tinme rendered i#he engine |noperat|ve because
of excessively high turbine temperatures. The hot-gas bleedback
system renoved ice that had formed and prevented further ice formna-
tion at the compressor inlet at anbient-air tenperatures from25° to
30°F. At an anbient-air tenperature of Co F, 1ce fornati on was
prevented at 11,000 rpm, but ice formed very sl owy at 10,000 rpm

W th the bleedback system in operati on. At an engine speed of

12,000 rpm with 4.0 percent of the gas flow bled to the inlet, the
net thrust wes decreased 18.8 percent end the specific fuel consunp-
ti on based on net ‘thrust was i ncreased 21.3 percent.

INTRODUCTION

Ice formation at the conpressor inlet of a turbojet engine
inflight will result in a reduction in thrust. Serious icins wil
render the engine inoperative as a result of excessively high
exhaust - gas temperatures. Flight in icing weather w thout equip-
ment to protect the engine inlet fromice is therefore extremely
hazardous, particularly wth engines that have axial -fl ow com-
pressore.

INCLASSIFIEE
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As part of & general program being conducted at the NACA
Cleveland |aboratory on ice protection at the inlet of turbojet
engines, an investigation was conducted in the altitude wnd tunnel
fromApril to July, 1947 with a turbojet engi ne having an axiel-
fl ow compressor. A nethod of ice protection was studied in which
hot gas was bled fromthe turbine inlet and injected into the air
stream ahead of the compressor inlet in order to heat the inlet air
above the freezing tenperature. This nethod of ice protection will
be referred to as "hot-gas bleedback". Gas was bled fromthe tur-
bine inlet because the gas at this station has the highest tempera-
ture and pressure in the engine. Because of the high tenperature
of the gas, a relatively small quantity is needed to heat the inlet
air above the freezing temperature. The gas can be discharged into
the air streamat very high velocity because of its high pressure,
thus affording good penetration

The investigation was conducted at two sinulated altitudes
and over a range of anbient-air tenperatures. (bjectives of the
progremwere. (1) to study the characteristics of compressor-
inlet icing end the effect of icing on engine performance; (2) to
study ice prevention and de-icing at the conpressor inlet by neans
of hot gas injected into the air stream and (3) to determne the
effect of hot-gas bl eedback on engi ne performence.

INSTATLATION AND INSTRUMENTATION

An early experimental Westinghouse 24C turbojet engine was
mounted in a wing nacelle installed in the test section of the alti-
tude wind tunnel. The engine has an |I-stage axial-fl ow compressor,
a doubl e-annul us combustion chamber, and a two-stage turbine. The
rated thrust of the engine is approxi mtely 3000 pounds at static
sea-level conditions and an engine speed of 12,500 rpm The cor-
responding air flow is about 58.5 pounds per second. No screens
were installed in the induction system of this engine

The engine installation with the hot-gas bleedback system
installed is shown in figure 1. A plan drawi ng of the engine and
the hot-gas bl eedback system is presented in figure 2. Hot gas
was bled fromtwo dianmetrically opposite points at the turbine
inlet. The gas was carried to the top of the engine through two
3-inch-diameter ducts and forward in a single |-inch-diameter duct
At the frontof the engine, the hot gas was directed into two 3-inch-
di ameter ducts on either side of the inlet duct and was discharged
into a manifold formed by the cow -inlet |ip. Holes were |ocated
around the inner circunference of the cow-inlet lip, through which
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the gas was Injected into the air stream normal to ths direction of
sir flow A butterfly velve that regulated t he flow of hot gas was
| ocat ed in the 4-inch-diemeter duct at the rear of the engine. A
survey rake was ingtalled at the forward end of +his &uet to obtain
measurenents of tenperature and pressure, which were used to cal-
culate ths mess flow that was bled to the inlet. Two thermocouples
and two static-pressure orifices were installed within the hot-gas
menifold. Al hot-gas duots were insulated by several | ayers of
asbestos tape.

The following four configurations of hole arrangements in the
hot-gas manifold at the cowl inlet were investigated (fig. 3(a)):

Configu-~ | Kumber |Bole Total hol e | Maximvm
ration of di anet er | area bleedback
hol e8 (in.) (eq in.) | (percent)
1 76 11/32 7.05 4.8
2 19 1/2 3.74 3.5
3 15 1/2 5. 35 4.0 .
4 7/8
4 9 5/8 4.57 4.7
3 7/8

1n configuratlion 4, provislon was made t 0 prevent ice formation on

t he starting-motor housing by intermal heating of t he housing dome.
A hemispherical cap was installed over the dome, as shown in figQ-
ure 3(b). Hot ges was bled i nto t he cap through a streamlined
strut, passed between the cap and the dome, and discharged into t he
alr stream ‘

Temperature di stributions acreass the inlet duct with hot-gas
bleedbeck were obtelned with a thermocouple survey rake that
extended radially to the center of the duct (fig. 2) and was
mounted in a plane 31‘1- inches downstreamof the plane et which the

hot gas was injected. Sim|ar rakes were mounted at the compres-
sor inlet. For configuration 4, an additional thermocouple rake
was i nstalled at the Sli-inch station in order t{ 0 obtain a tempera-

ture survey across the full diameter of the duct. Anbient-air tem-
perature Was measured wi th two t hernocoupl e8 | ocat ed immediately
upstream of the water spray.
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A strut on which five air-atom zing spray nozzles were mounted
(fig. 4) was installed 7 feet ahead of the com inlet and 12 feet
ahead of the conpreeeor inlet in the tunnel test section. |In order
to permt better oontrol of inlet icing conditiona, a movable spray-
nozzl e assembly was used fOr configuration 4, with which the spray
nozzles could be located at distances from1l to 7 feet ahead of the
cow inlet. A periscope that extended fromthe wall of the tunne
test section could be raised above or lowered in front of the engine
inlet from outside of the test section (fig. 4). A floodlight and
a 16-millimetexr nDti ONn-pi cture canera were installed inside the
fairing at the | ower end of t he periscope i n order to photograph
the inlet of the engine under icing conditions.

FROCEDURE

The investigation was conducted at an airspeed of 140 mles
per hour and pressure altitudes of 5000 and 20,000 feet, with
ambient-air tenmperatures fromQo to 35° F at each altitude. The
engi ne was operated bel ow the rated engi ne epeed of 12,500 rpm in
order to allow for the rise in exhaust-gas tenperature that occurred
when 1ce farmed or when the bl eedback system was operated. The
highest engi ne speed at whi ch hot-gag bl eedback wae used wes
12,000 rgm, at whioh epeed the turbine-outlet tenmperature without
bl eedback wae 80° F below the Iiniting value. The highest engine
epeed at whioh inlet icing was investigated was 11, 000 rpm, at
whi ch speed the turbine-outlet tenperature wthout bleedback and
wi thout 1ce on the inlet was 200° F below the limting val ue.

The i qui d-wat er concentrations and dropl et sizes (approxi-
mately 55 microns) used i N the icing conditions for thi s investi-
gation were larger than those nornal |y encountered i n the atnos-
phere. The ice-protection results based 0N severe i Ci N conditions
ar e therefore considered t 0 be conservative. De-icCing results
obt ai ned subsequent to icing would not be affected. Some of the
wat er froze before reaching the compressor inlet at all spray-
nozzl e positions. This effect was mnimzed by heating the water
to a tenperature of at |east 100° F.

For the phase of the Investigation in which the penetration of
the hot gas at the compressor inlet and t he effect of hot-gag bleed-
back on performance was determ ned, no water was injected into the
air stream Engine perfornmance data and tenperature profiles in
the inlet duct and at the conpreeeor inlet were obtained with var-

i ous anounts of hot-gae bl eedback at several engi ne speeds. Thrust
wae cal cul ated from measurements obtained with a survey rake nounted
at the exhaust nozzle

895
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Thr ee procedures were used i N t he study of ice prevention and
de-icing. In the procedure for ice prevention, hot gas was bl ed
into the inletbefore the water spray was turned on. The effec-
tivenessOof the hot gas for preventing ice formati on at the com-
pressor inlet was thue determned. In the first procedure for
de-icing, the inlet was iced until the turbine-outlet tenperature
was within 50° to 100° P of the liniting value; hot gas was then
bled into the inlet while water was still being sprayed into the
air stream This procedure determ ned the effectiveness of the hot
gas for de-icing the inlet and preventing further icing. De-icing
was continued until all ice had beem remved. In the second pro-
cedure for de-icing, the inlet was iced until the turbine-outlet
tenperature was within 50° ® of the linmting value; then the water
spray was shut off and hot gas was bled to the inlet. This nethod
determned the time required to de-ice the inlet and the mammer in
which it de-iced. During this Dart of the investigation, the ckar-
acteristics of inlet icing were studied and the effect of inlet
icing on performance was det er m ned.

RESULTS AND DISCUSSION
Characteristice of Inlet Icing

The £irst indication of inlet icing was a rise in turbine-
outlet tenperature, which usually occurred approxi mately 2 to
4 mnutes after the water spray was turned on. When the water
spray was |eft on and no effort; wasmade to prevent ice formation
on the conpressor-inlet guide vanes, excesaively hi gh turbine-
outl et tenperatures occurred at all engine speeds and rendered the
engi ne inoperative within 1 to 2 minutes after t he initial indi-
cation of icing. A photograph of t he compressor inlet pertly iced
is shown in figure 5(a) for an engine speed of 10,000 rpm and a
turbine-outlet tenperature of 1150° P, which is approximately
100° F abovethenormal operating tenperature. The photograph
shows ice formation on the conpressor-inlet guide venes and a
heavyice foruwetion on the dome of the starting-notor housing. An
fce formatlon at the conpressor inlet that rendered the engine
i noperative is evident in figure 5(b), which shows that the air
passage near the roots of the compreasor-inlet gui de vane8 was
al nost conpl etely blocked, a | arge percentage of the air pas-
sage near the tips of the guide vanes was blocked, and a very
Eeavy coat of ice had formed on the dome of the starting-motor
ousi ng
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on several occasions, the inlet was deliberately iced until
the turbine-outlet tenperatures reached the |initing val ue. The
engi ne was then stopped and a visual inepeotion was made of the
inflet ice formations. The first- and second-stagerotor bl ades
had a smooth coating of ice about % inch thick that extended

rearward and covered approximately 75 percent ofthe bl ade chord.

The first- and second-gtage stator blades had gimilar Iice formations.
I n each case t he formation was greateast at the bl ade root8 and
little or no ice existed at the blade tips. Oon one occaslon, lce
formations ext ended about 6 inches ahead of the leading edge of

the inlet gui de vanes although air passages still exi st ed between

ad jacent lce formations.

Considerable reductions in net thrust resulted fromicefor-
mations at the compressor inlet. The percentage decrease in net
thrust 1s presented in figure 6 as a function of the percentage
decrease in air flow for several engi ne speeds at altitude8 of
5000 and 20,000 feet, an airspeed of 140 mile8 per hour, and an
ambient-air tenperature of about 30° F. Icing of the compressor-
inlet guide vane8 throttled the Inlet air and produced the same
ef fect on engine performance that woul d be encountered in opera-
tion at ram-pressure rati o8 below 1.0, In addition to inlet
throttling, the ice that formed on the first few stages of the
compressor bladea changed t he compreasor efficilency, which furt her
affected t he engine perfornance. Whem the air flow had been
decreased by approximately 28 percent, the engine could no longer
be operated at any speed W t hout exceeding the turbine-outlet tem-
perature limlts. A 26-percent decrease in air f| ow was accompanied
by 8 30.2-percent decrease i n net thrust.

Asthe inlet becane iced, t he specific fuel consumption based
on net thrust increased very rapidly, as shown in figure 7. When
the air flow was decreased 26 percent, the specific fuel consumption
increased 48. 0 percent. The increase in apecific fuel consumption
- was large because as t he inlet beceme iced t he net thrust was
reduced, while the engine fuel flow was increased i n orderto main-
tain constant engine speed.

Characteristice of Hot-Gas Bleedback

Effectivensas f or ice protection. - Temperature profiles i n the
inlet duet and at the compressor inlet were obtained for the four
bleedback configuration8 to deternine the penetration of the hot
gas Into the air stream., A large nunber of small holes were used in
configuration 1 in order to obtain 8 honbgeneous mixture of hot gas

£68
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around t he ecircumference of t he compressor inlet. The hole arrange-
ment was progressively modified for the other three configurations
go that a nore uniformradi al temperature distribution could be
obtained. Foxr all the tenperature profiles shown, t he blesdback
valve was W de open.

The tenperature profiles across the inlet duct and the com-
pressor inlet for configuration 1 are shown in figure 8 for engine
speeds of 8000 end 10,000 rpm. The hot gas penetrated 6 inches into
the air stream (fig. 8(a)). 5 temperature was excessively high
near the outer wall of the inlet duot and the tenperature at the
center portion Of the duct was approximately t he same as ambient-
ai r temperature. 5 engi ne could not be operated at an englne
speed of 12,000 rpm with the bleedback valve wide open without
exceeding t he turbi ne-outl et temperature |ints.

Tnasmuch as i nadequat e penetration was cbtained with the first
configuration, the holes In the menifold were modified. Experi-
ments have shown that the depth of penetration of a jet is approxi-
mately proportional to t he orifice dlameter and t he sgquareof the
ratio of Jet velocity to stream velocity. 5 diameter of the
holes for configuration 2 was t her ef or e increased from%to% i nch
and the nunber of hol es was reduced from76 to 19, with a correspond-
ing reduction in area from7.05 to 3.74 square inches. This reduc-
tion in hole area decreased the gas fl ow that was bl ed to the inlet.
The compressor-inlet tenperature waas thereby reduced, with a result-
ing increase Iin compreasor Mech number and a corresponding rise in
compresgor-outlet and turbine-inlet preasures. The hi gher pres-
sulr es obtained i n t he hot-gas manifold t herefore increased the Jet
velocity.

Tenper at ur e profiles obtained with configuration 2at englne
speeds of 8000, 10,000, and 12,000 rpm are sented in figure 9.
The tenperature inthe'inlet duot (fig. 9(a))was approximately con-
stant for a distance of 4 imcheas fromthe outer wall and decreased
t 0 approximately ambient-air tenperature at a distance of 7% inches

fromthe outer sall. All the air entering the compressor inlet was
abovet he ambient-air temperature(fig. 9(b)). A photograph of the
compressor lnlet, which was obtained after approximately 10 minutes
of de-icing at an engine speed of 10,000 rpm and with the water
spray of f (fig. 10(a}), shows that large formations of ice remained
on the starting-notor housing and compressor-inlet gui de vanes.
After 20 minutes of de-icing (fig. 10(b)), very little ice had been
renoved from the starting-motor housing because 0Of inadeguate pene-
tration of the hot gas.
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In orderto improve the penetration, four of the 19 hole8 in

t he hot - gas manifold were enl ar ged from-%'- to %-inch di aneter for

configuration 3, With a corresponding increase in area from3.74 to
5. 35 square inches. Tenperature profile8 obtained with config-
uration 3 for engine speeds of 6000, 9000, and 11, 000 rpm are pre-
sented in figure 11. The temperature in the inlet duct, measured
directly downstream of one of the large hotes (fig. 11(a)), was

approximately constant f or 8 distance of 5% inches fromthe outer

wall and gradual | y decreased t 0 approximately 28° F above ambient-
air tenperature at the duot center line for engine speeds of 9000 and
11, 000 rpm. At the compressor-inlet annulus, t he temperaturewas
only about 15° Floweratt he i nner wall than at t he outer wall
(£1g. 11(v)).

For configuration 4,the dome of the starting-notor housing
was internally heated with hot gas (fig. 3(b)) and 12 holes were
drill ed 30° apart i n t he hot-gas manifold; three of these hol es,

120° apart, were % inch in diameter and t he ot her ni ne holes were
g. inch in diemeter. Temperature profiles across the di aneter O

the inlet duet and at t he compressor inlet for engine speeds of
8000, 10,000, and 11,000 rpm are shown in figure 12. 5 tem-
perature across the i nl et duct (fig. 12(a)) was considerably above
the anbient-air tenperature and was | owest at the duct center line.
The temperaturepr of i | ¢ was uniform across the compressor-inlet
annulue (fig. 12(b)) except near the inner wall,. where the tem-
perature was hi ghest because of thehot gas discharged fromthe
cap of the starting-motor housing.

Hot-gas bleedback with Confi gurati on 4 was effective not only
in preventing 1ice formatior at t he compressor inlet but also in
de-icing the inlet under continued 1cing conditions. At an ambient-
air tenperature between 25° and 30° F, theinlet was iced atseveral
different engine speeds until the turbine-outlet tenperature was
approximately 12000 F. Hot gas was then bled to the inlet with the
wat er spray remaining on. At engi ne speeds from 10,000 to 11, 000 xypm,
approximetely 5 minute8 were required to clear the inlet of ice and
further ice formation was prevented. For the same condition8 with
t he spray water of f, the inlet was completelyde-iced in 2 ninutes.
After the inlet was iced atan anbient-air tenperature of about 0° P,
approximately 10 mnutes were required to renove the 1ce fromthe
starting-motor housing and t he inlet gui de vanes with t he water
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spray OFf. An additional 15 minutes were required to renove pieces
of ice that had broken of f the starting-motor housing ani t he inlet-
duct wall. No de-icing wasattenpted at an amblent-air tenperature
of 0° F with the water spray on.

In order to determine ice-prevention characteristic8 with con-
figuration 4, the water-spray and hot - gas- bl eedback systems were
oper at ed simultaneously. During such operation for 30 mnute8 at
an ambient-air tenperature of 0° F and an engine speed of 11,000 rpm,
no ice formed a% the compressor inlet. At the same anbient-air tem-
perature and an engine gpeed of 10,000 rpm, the turbine-outlet tem-
perature rose from 1030° to 1100° F in 15 minutes because a small
anount of ice had formed on the compressor-inlet gui de veanes. No
i ce formed on the starting-motor housing.

Ef f ect on engi ne performance. - Bl eeding hot gas to the inlet
of the engi ne resulted in a reducti on of net thrust. The net thrust
is presented in figure 13 88 a function of the percentage of gas
flow bled to the inlet for several engine Speeds at an altitude of
20,000 feet and an airspeed of 140 miles per hour. For each engine
speed, t he net thrust decreasedas t he percentage of bleedback
increased. The data in figure 13 are cross-plotted in figure 14
to show the relation between net thrust and engine speed for
various anount8 of bleedback. A% an engine speed of 12,000 rpm,
the net thrust w88 reduced from 1160 pounds t0 950 pound’s by bl eed- -
ing 4.0 percent of the gasflowto the inlet. The percentage
decrease in net +thrust lspresented asa function t he percentage .
of gas flow bl edt ot he inlet in figure 15 for t he same data. The
| 0SS in net thrust varied linearly with the gas flow bled to the
inlet., With 4.0-percent bleedback, t he net thrust decreased 7.4 per-
cent at an engine speed of 8000 rpm &nd 18.8 percent at 12, 000 rpm.
Approximately three-fourths of the decrease in net thrust was due
t 0 t he increased compressor-inlet tenperat ure resulting from bleed-
back. The remainder of the thrust decrease was attributed to | ower
massflow out Of the tail pipet han throvgh t he compressor and to
the decreased Jet velocity. 5 decreased Jet velocity resulted from
a | ower mass fl ow through the turbine than through the compresscr,
which required that an increased anount of energy be absorbed per
pound of gas to drive the turbine.

The rel ation between fuel consunption and the percentage of gas
flow bled to the inlet is shown in figure 16. At engine speeds
bel ow 12,000 rpm, t he fuel consumption increasedslightly as t he
percentage of gasflow bled to the inlet was raised, where88 at
12,000 rpm t he fuel consumption decreased S|ightly 88 the bleed-
baok increased. A cross plot of these data is presented in figQ-
ure 17 to show t he relation between fuel consunption and engine
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speed for various anpunt8 of bl eedback. These date indicate that

at an engine speed of approxinmately 11,650 rpm changing the amount

of bl eedback woul d have no effect on the fuel consumption. The
reduction in fuel consumption at hi gh engi ne speede as t he bleed-
back increased was a function Of the engine characteristics, Because
t he sl ope of the fuel-consumption curve i ncrease8 with engine speed,
the reduction in fuel consunption resulting fromthe decreased air
density with bl eedback was greater than the increase in fuel con-
sunpti on resulting frombl eeding gas from the turbine' inlet.

Variations in specific fuel consumption based on net thrust
with percentage of gas flow bled to the inlet are shown in fig-
ure 18. The epecific fuel consumption increased at al| engine
speedsashot gas was bled to the inlet. A crosa plot O the data
shown in figure 18 is presented in figure 19 to show the relation
bet ween specific fuel consumption and engi ne speed forvarious
amounts of bleedback. At an engine speed of 12,000 rpm, the
specific fuel consunption wae increased from 1.14 to 1.38 when
4.0 percent of the total gas flow was bled to the inlet. The rela-
tion between t he percentage i ncrease in epecific fuel consumption
baaed on net thrust and the percentage of gas flow bled to the
inlet i4s shown in figure 20. The percentage i ncrease in specific
fuel consumption varied linearly wth the ﬁercentage of bl eedback
Wth 4.0 percent of the gas flow bled to the inlet, the epecific
fuel consumption increased 15.8 percent at 8000 rpm, 24. 2 percent
at 10,000 rpm, and 21.3 percent at 12,000 rpm.

Ef fects of Ice on Engi ne Operation

During the process of de-icing, piece8 of ice broke off the
cowm lip, the duct wall, and the starter housing. Large pieced of
i ce | odged against t he compressor-iniét guide vanes and small piece8
shattered upon impact with the gui de vane8 and passed through t he
engine. The ice passing t hrough the engine caused momentary reduc-
tions in engi ne speed of 300 to 1000 rpm and on Several occasions
cambustion bl ow out occurred during de-icing at an eng'ne speed
of 10,000 rpm.

An inspection of the engi ne after several hour 8 of operation
inicing conditicns revealed that the trailing edge8 of the
coupressor-inlet gui de vane8 were damaged and one of the first-
stage rotor blade8 was slightly bent. Operation was continued after
the rotor blade and the inlet guide vanes were repl aced.
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SUMMARY OF RESULTS

The fol | owing results were obtained from a wind-tunnel investi-
gation of a hot-gas bl eedback system for protecting the inlet of a
turbojet engine from ice:

1. Wth icing conditions at anbient-air tenperatures between
25° and 30° F and engi ne speeds from 10,000 to 11, 000 rpm, t he hot-
gas bleedback systemde-iced the compressor inlet in about 5 minutes
and prevented further ice formation. At an ambient-air tenperature
of 0° F and an engine speed of 11,000 rpm ice formation at the com
pressor inlet was prevented. At 10,000 rpm and the same anbient-
air tenperature, ice formed very slowly on the conpressor-inlet
gui de vanes with the bl eedback systemin operation

2. Bleeding hot gas to the engine inlet resulted in reductions
in-net thrust and increases in specific fuel consunption based on
net thrust. Wth 4.0-percent bleedback at an engine speed of
12,000 rpm the net thrust was decreased 18.8 percent and the
specific fuel consunption was increased 21.3 percent

3. Wthout hot-gas bl eedback, formation of ice on the com-
pressor inlet reduced the net thrust, increased the specific fue
consunption based on net thrust, and within a short period of
time rendered the engine inoperative as a result of excessively
hi gh turbine-outlet tenperatures. When the formation of ice had
reduced the air flow 26 percent at a given engine speed, the net
thrust was decreased 30.2 percent and the specific fuel consunption
based on net thrust was increased 48.0 percent.

4. lce shattering against the conpressor-inlet guide vanes and
passing through the engine damaged the inlet guide vanes, slightly
bent a first-stage rotor blade, and on several occasions caused com
bustion bl owout,

Lewi s Flight Propul sion Laboratory,
National Advisory Committee for Aeronautics,
Ceveland, Chio
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Fairing for camers and floodlight

Figure 4. - Front vlew of engine instaliatilon showing water-spray nozzles and periscope.
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\a) Turbine-outlet tempersture, 1150° F (approximately 100° F sbove normal); engine speed,

10,000 rmm.

C-18768
4-14-47

(b) Engine inoperative at any engine speed owing to excessive turbine-cutlet tempersture.

Figare 5. - Compressor Inlet iced with hot-gas bleedback system 1nopera.'bive. Altitude,
20,000 feet; alrspeed, 140 miles per hour; amblent-air temperature, 30° 7.
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Decrease in net thrust, percent
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Altitude Engine

(£t) speed
20,000 5000 (rpm)

o 0 8,000

g 9,000

o £ 10,000,

A A 11,000
32
_ /.

%
24 //
/ ’
20
2
16
A //
12 4 o
A
:Z
8
/ T
o/ ,
4 7
_v/
NACA

o P 8 12 16 20 24

Decrease in air flow, percent

Pigure 6. - Effect of inlet icing on net thrust without hot-gas
glugedback for various €Ngl N€ apeeds at altitudes of 5000 and 20, 000
feet. Airspeed, 140 miles per hour; anbient-air tenperature, 350

F.
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Increase in specific fuel consumption based on net thrust, percent

NACA RM No. EBJ25c¢

Altitude Engline
(ft} speed
20,000 5ooo (rpm)
o 0 8,000
o 9, 000
o £ 10,000
A A 11,000
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/ i
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4 /7*
A / A
//D
16 é/{ 2
rd
/ i
8
L~ “
_ ~uE
% 4 8 12 16 20 24

Fi gure

aaed on net thrust without hot-gas

Decreasei n alr flow, percent

7. = Effect of inlet lcing on specific fu

speeds at altitudes of' 5000 and 20, 000 feet.
mles per

anbient-air tenperature, 30°

el coneunpt!on

| eedback for wvarious engine
Al r speed,

c68
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Temparaturs .

Engine Asbient-air Manifold-gas Manifold-ges
apeed temparaturs temperature prossurs

(rm)  (°F) (°F) (1b/sg £t aba.)
0 8,000 27 847 1271
0,00 9 1 1004 1613

20O

160/ \

1e0

-
ITIIIET

A

~

i A}

AN

40

A_ — | Ductl conier line

TR g

0 2 4 8 8 10 0 2 ¢ 8
Distanca from duct wall, in. Dlatenos from Out er wall, in,

(n) Inlet duct . (b) aompressor|nl et .

Plgure 8. - Temperature profilea ssroas Inlat dust ri nd compresaor inlat with oonfiguration l.
Altitude, 20,000 feat; alrapsed, 140 miles per hour.
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Engine Ambient-air Manifold-gas Nenlfold-gas
speed temperature tampsraturs pressure

(rpm) (°r} (°F) (1b/aq £t ebs.)
¢ 8,000 30 625 1514
010,000 34 760 1999
$12,000 30 984 2680
100
‘.\
0—00\% . \
sop—® - _\_\‘
g oio-O o 5 J\q
& s ool N, ] o
°
§ N N\
E 40 ey
“ §B: ] \
1
20
% 2 ry 8 8 10 R .’ 8
Distance from duct wall, in. pistense frOMmout er wall, lns

{a) Inlat duct. (b) Canpressor inlet.

Flgurs 9. = Temperature profilesacrossinlst duct and compreasor inlst W th configuration 2.
Altltude, 20,000 feet; airspsed, 140 milas per hour.
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C- 18760
4.16-47

C. 18758
4-16.47

(b) After 20 minutes de-icing.

Figure 10. - Compressor inlet during de-icing with configuration 2. Altltude, 5000 feet;
ai rspeed, 140 miles per hour; embient-air temperature,30° F; engine speed, 10,000rpm;
weter spray off.






Temperature, op

Engine Amblent-alr Manifold-gas XNanifold-gas
apsed temperature tempsraturs  pressure
(rpm) (oF) (or) (1b/eq £t mbe.)
o §,000 36 750 1133
o 9,000 36 897 1408
<11, 000 Hb6 1.0 2002
oo
R PN % Lot s N
Mv—v v < -
80 n\d* by M gy s
> ‘Qo‘L N & RN
—05 I\Eh o
-ha\ |
60 - \\u
\\
40 8 S -
o
£
Y
[ ]
] ]
20 H
2l
° 2 4 5 B 10 ) n 6 8
Dletance fram duot wal |, in. Distenoe from outer wall, in.

(a) Inlet duet,

(b) Compressor inlet.

Figure 11. - Tenperat ure profiles aeresainl et duct and ocmprassor inlet with configuration 3.
Altituda, 20,000 feot; alrapeed, 140 miles psr hour.
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Tamperaturs, °F

Engine Awmblent-air Manifold-ges Nanlfold-gas
spesd temperature temperature preasure
(rpm) (°F) (°F) (1b/aq It ebs.)
o 8,000 50 756 1388
o 10,000 32 830 1844
11,000 32 910 2116
100 J
= vt A, <
[2] o—<>
80 \x\ - //"Dﬁ'
o411
R v‘///
40
I
20
I ? I | I| i |\ ] | ]
% 2 4 5 8 10 12 14 16 2 20

Di stance e croae duat, in.
(a) I nl et dnct.

Figure 12. = Temparaturs proflless acroas inlet duet and compressor 1nﬁ.at with configuration 4. Altitude,
our.

20,000 fest; airapsed, 140 milea per
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Temparature, Op
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120
/
100F /7/
/ /
0] = :%: o et ‘/
BO -
'_'\
’.\-... »
60
Englne Amblent-air Manifald-ges Manifold-gas
spead temperature temperature pressurs
(rpm) (°F) (°F) (1b/sq ft abs.)
0 8,000 30 756 1386
40 310,000 32 830 1044
{11,000 se 910 2116
I
20
DD 1 e 3 4 b 6 7
pistanee fromouter wall, in.

Figure 12. - Concl uded.
W t h configuration 4.

(b) Compresamor|nlet.

Tenperat ure 6)rofilaa geross i nl et duct and compreasor i nl et
, 000 feet; airspeed, 140 niles per hour.

Altitude, 2
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Net thrust, 1b

NACA RM No. E8J25c

Engine
speed
(rpm)
o 8,000
o 9,000
< 10,000
411,000
v 12,000
1200*\\\\
\K\\
\
v
100G
\gN\‘
800 |
\\
\'\‘
60095 \-\
. \\n 1>
M‘\‘
4004y -
-n~
— O— o |0
200
TR
g5 1 2 3 1 5

Gas fl ow bled to inlet, percent

Plgure1 3. - Varlation of net thrust with percentage gas
20, 000 feet;

flow bled to conpressor
ai r speed,

140m |l es per

inlet.
hour ;

Al titude,
anbient-air

tenperature,

30° F.

c68
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Net thrust, 1lb

31
Gas fllow Bhled
td inldt
1200 - (
0
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1000 7 A
// /A
17/
V/
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74
400 o a
200 i I- . l = JL —
: | AR
O 8 3 10 11 12 x 109

Engine speea, rpm

Figure 14. -~ Relation between net thrust and engline speed
for various amounts of hot gas bled to compressor inlet,
Altitude, 20,000 feet; alrspeed, 140 miles per hour;
ambient-alr temperature, 30° F.



Decrease 1n net thrust, percent

NACA RM No. E8J25¢c

Engine
speed

(rpm)
o 8,000
a 9,000
< 10,000
A 11,000
v 12,000
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//
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\é«
N
N

S
N
N
\

N
U
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’/,/’

"

4 Zj//'/,/' =
2
b .
, 'ﬂ‘ﬂﬁg’?’
0O .8 1.6 2.4 3.2 4.0 4.8

Gas flow bled to inlet, percent

Flgure 15. - Varlation of percentage decrease in net thrust
with percentage gas flow bled to compressor inlet. Altitude,
20,000 feet; alrspeed, 140 miles per hour; amblent-air
temperature, 30° F,
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Engine
speed
(rpm)
o 8,000
g 9,000
< 10,000
4 11,000
v 12,000
1400
— —
1200
-
Ei 1000
K]
-
g A [
re N
g- 800F—
a
]
8 —
Py o,__— o
= ~
Q $
g 8600 ”
4000 1 2 3 4 )

Gas flow bled to lnlet, percent

Figure 16. - Variation of fuel consumption with percentage gas
flow bled to compressor inlet. Altitude, 20,000 feet;
airspeed, 140 mliles per hour;. ambient-air temperature, 30° F



34

Fuel consumption, lb/hr

NACA RM No. E8J25c¢c

1400
Q2
3
1200 4
1000 4

800 Gas; flow bled 7
waapZ 4

3%
600 0 |

‘ﬁ!n‘;'!’

10 11 .12 x 10°
Engine speed, rpm

7 8

L+

" Figure 17. - Relation between fuel consumption and engine

speed for various amounts-of.. hnfiagsadhled to compressor
inlet. Altitude, 20,000 'eet: airspeed, 140 miles per
hour; ambient-air temperature, 30° F.
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Specific fuel consumption based on net thrust
1b/(hr)(1b. thrust)
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Engine
speed
(rpm)
o 8,000
o 9,000
' © 10,000
4 11,000
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Gas flow bled to 1inlet, percent

Figure 18. - Variation of specific fuel consumption based on
net thrust with percentage gas flow bled to compressor inlet,
Altitude, 20,000 feet; alrspeed, 140 miles per hour; amblent-
air temperature, 30° PF.
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Specific fuel consumption based on net thrust
1b/(hr)(1b thrust)

NACA RM No . E8J25c

3.0

\\\\\\\\\\ Jas f]oqlb]ed
to [inlef
» \\\\\\\\\H:::::~\\\~\ipercent]
\\\\~ F-,~~____.g
\\_ 0
|
1.0g 9 10 11 12 x 10°

Engine apeed, rpm

Figure 19. - Relation between specific fuel consumptlon based
on net thrust and engine speed for various amounts of hot
gas bled to cpmpressor inlet. Altitude, 20,000 feet;
airspesed, 140 miles per hour; amblent-alr temperature, 30° F.
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Increase In specific ‘fuel consumption based on net thrust, percent
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Flgure 20, = Varistion of percentsge increase in specific fuel

consumption bsased on net thrust with percentege gas flow bled
inlet. Altitude, 20,000 feet;
140 miles per hour; embient-alr temperature,” 307F.
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